In this Letter, we present ab initio results identifying a new diffusion path for the nitrogen pair complex in silicon, resulting in an effective diffusivity of 67 expÿ2:38 eV=kT cm 2 =s. This nudged elastic band result is compared with other nitrogen diffusion paths and mechanisms, and is determined to have unmatched agreement with experimental results. It is also shown that careful consideration of total energy corrections and use of a fully temperature-dependent diffusion prefactor have modest but important effects on the calculation of diffusivity for paired and for interstitial nitrogen. DOI: 10.1103/PhysRevLett.95.025901 PACS numbers: 66.30.Jt, 61.72.Bb, 61.82.Fk Nitrogen doping of silicon has become a process of increasing importance because of its various effects on the formation of extended defects in silicon. The first prominently reported effect was the complete suppression of void formation in float-zone processed crystals [1] . In Czochralski-grown silicon, because of an additional interaction with oxygen, the mechanism is less effective and a higher density of relatively smaller voids and grown-in oxide precipitates was observed in nitrogen-doped crystals [2] . Finally, nitrogen is known to increase the mechanical strength of silicon by locking dislocations [3] and, when implanted with a sufficient dose, to reduce the oxidation rate [4] . In partial explanation of the above effects, it has been shown that the N 2 pair readily complexes with vacancies, both in a metastable, immobile N 2 V configuration, and in the very stable N 2 V 2 configuration which can form from either the reaction N 2 V V ! N 2 V 2 or N 2 V 2 ! N 2 V 2 [5, 6] . The N 2 V 2 complex has been shown to attract oxygen into stable complexes, indicating the possibility of further oxygen precipitate nucleation based on the N 2 pair.
In this Letter, we present ab initio results identifying a new diffusion path for the nitrogen pair complex in silicon, resulting in an effective diffusivity of 67 expÿ2:38 eV=kT cm 2 =s. This nudged elastic band result is compared with other nitrogen diffusion paths and mechanisms, and is determined to have unmatched agreement with experimental results. It is also shown that careful consideration of total energy corrections and use of a fully temperature-dependent diffusion prefactor have modest but important effects on the calculation of diffusivity for paired and for interstitial nitrogen. Nitrogen doping of silicon has become a process of increasing importance because of its various effects on the formation of extended defects in silicon. The first prominently reported effect was the complete suppression of void formation in float-zone processed crystals [1] . In Czochralski-grown silicon, because of an additional interaction with oxygen, the mechanism is less effective and a higher density of relatively smaller voids and grown-in oxide precipitates was observed in nitrogen-doped crystals [2] . Finally, nitrogen is known to increase the mechanical strength of silicon by locking dislocations [3] and, when implanted with a sufficient dose, to reduce the oxidation rate [4] . In partial explanation of the above effects, it has been shown that the N 2 pair readily complexes with vacancies, both in a metastable, immobile N 2 V configuration, and in the very stable N 2 V 2 configuration which can form from either the reaction N 2 V V ! N 2 V 2 or N 2 V 2 ! N 2 V 2 [5, 6] . The N 2 V 2 complex has been shown to attract oxygen into stable complexes, indicating the possibility of further oxygen precipitate nucleation based on the N 2 pair.
As early as the investigations of Stein [7] in 1985, it was concluded from isotope shifts that the nitrogen dimer configuration is prevalent at room temperature. Jones et al. [8] confirmed this conclusion using a combination of spectroscopic and ab initio investigations. Except for the work of Gali et al. [9] , who calculated a binding energy of 1.73 eV, all theoretical investigations agree on a rather high binding energy between 3.67 and 4.3 eV [6,10 -12] . In contrast, the primary diffusion mechanism for nitrogen, in general, and the N 2 pair, in particular, has been disputed in the literature.
In a variety of experimental investigations based on nitrogen outdiffusion from doped substrates [13] or on the indiffusion of nitrogen from the ambient [14 -17] , the profiles obtained were interpreted in terms of the diffusion of N 2 as an entity. The diffusion data obtained are shown in Fig. 1 and can be described best by a diffusion constant of
with the 90% confidence interval for the activation energy ranging from 2.01 to 2.77 eV. Profiles after ion implantation [18, 19] are considerably more complex, and the possibility of a catalytic effect of oxygen on nitrogen diffusion was reported recently [20] . In the analysis of Adam et al. [21] , nitrogen dimers were not taken into consideration nor apparently needed to obtain an excellent description of the experimental profiles. A later analysis of Voronkov and Falster [22] was based on nitrogen dimers as the prevalent defect, but it was concluded that diffusion proceeded via dissociation and diffusion of the monomers rather than as an entity. Uncertainties remain about this mechanism because the binding energy of N 2 in their analysis, estimated to be between 2.24 and 2.9 eV, is considerably smaller than the bulk of the estimates from theoretical work.
FIG. 1 (color online)
. Experimental data for the nitrogen diffusion constant in silicon with best fit line and new theoretical diffusion profile. The darker points are FTIR data specific to nitrogen pair diffusion. A theoretical curve is also presented using the activation energy from Sawada et al. [24] , together with a diffusion prefactor from Itoh and Abe [13] .
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Concerning nitrogen interstitial (N i ) diffusion, Schultz and Nelson calculated the migration barrier for N i to be 0.4 eV for a split-interstitial configuration, resulting in very fast diffusion [23] . Sawada et al. conducted the only ab initio N 2 diffusion study [24] . Both simultaneous and sequential movements of the nitrogen atoms were considered, with reported activation barriers of 3.3 and 2.9 eV, respectively. The second value for the energy barrier is fairly consistent with early data from Itoh and Abe [13] , but outside of the confidence range given above. The 2.9 eV diffusion path moves the atoms from the ground state (usually named the antiparallel configuration) to the so-called Humble configuration (see Refs. [8, 24] for a description) with a smaller barrier of 1.0 eV to move to a different antiparallel state in a breakand-make bonding motion. Sawada et al. make a point of using either known structures or configurations with obvious symmetry. In this Letter, the requirements of symmetry along the diffusion path are dropped, and a new diffusion path is identified with calculations that make use of rigorous corrections to the subtleties of the local density approximation (LDA) and a careful determination of the saddle point. This new path has a lower activation energy than any previously reported path. The diffusion prefactor of nitrogen is calculated for the first time, both for N 2 pairs and for N i .
Simulations were performed using the Vienna Ab Initio Simulations Package (VASP), which employs a selfconsistent approach based on density functional theory (DFT) in the LDA [25] . Ultrasoft pseudopotentials [26] with a plane-wave basis set were used both for ionic relaxation and for calculating the total energy at points along the diffusion path. A supercell of 64 silicon atoms, i.e., eight conventional unit cells, plus two nitrogen atoms was first relaxed to the well-known antiparallel N 2 structure; see Fig. 2(a) . A similar configuration with the N 2 pair situated in an equivalent nearby position was relaxed, and four to six intermediate positions between these two were interpolated as starting guesses for nudged elastic band calculations; each was locally relaxed to a total energy tolerance of 0.005 eV. Only the neutrally charged case is considered since, in other work, the energy difference between negative and neutral charge states was negligible while the positive charge state had higher energies by a constant energy shift [24] . Throughout the calculations, a 2 2 2 k-point mesh was generated using the Monkhorst-Pack scheme [27] . Corrections were applied to the total energy in an attempt to correct systematic errors arising from the use of LDA-DFT, including a band gap size correction or ''scissors operator'' (usually the most significant), a correction due to the finite size of the supercell, and an adjustment for energy levels within the band gap [28] . (This correction makes the 2 2 2 k-point sampling equivalent to or better than uncorrected 4 4 4 meshes.) These corrections must be applied since nitrogen has electronic states above the valenceband edge.
The different stages along the new diffusion path are illustrated in Fig. 2 A (see Table I ) except for N(2) in the second stage. For this second stage, the silicon atoms remain close to their equilibrium positions while only N(2) displaces, resulting in a small increase in the total energy. The stage 3 saddle point has the highest energy because two of the Si atoms have only threefold coordination, but the energy is still modest since the nitrogen bond lengths are near equilibrium. The corresponding activation energy for this diffusion series is only 2.36 eV (see Fig. 3 ), considerably less than any other published value, and a very good match to the experimental fit; see Fig. 1 . The diffusion coefficient prefactor, D 0 , was determined by calculating vibrational
FIG. 2 (color online)
. Low activation barrier diffusion series for a nitrogen pair (in purple) moving through the silicon lattice (gray) in (100) projection. The first and last configurations are equivalent, and the energetics are provided in Fig. 3 . Both atoms move, making their jumps at different times. In the highest energy configuration, (C), the Si atoms marked with a ( ) have only three bonds, and the N-N separation is at its maximum. The upper purple atom is N(1). 
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where d is the jump distance, p is the multiplicity of jump paths, S is the combined entropy, and is the jump frequency. Within harmonic transition-state theory, the jump frequency is the ratio of the products of the real ÿ-point frequencies for the ground state over those of the saddle state. The entropy of configuration is just the natural log of the number of possible defect configurations. Within the quasiharmonic approximation, the entropy S of an atomic configuration is given as [29, 30] 
where the summation goes over the degrees of freedom, f, for each atom, i, and ! if is the characteristic frequency. The entropy of formation can be determined from the entropy of the N 2 defect, the N i defect, and perfect silicon by
The temperature dependence of the entropy [Eq. (3)] does not completely cancel out and has a weak effect on the effective migration barrier. For the diffusion path of Fig. 2 , the full diffusion constant was calculated, including the entropy temperature dependence, in the temperature range of 800 -1400 C. Using an Arrhenius fit where the prefactor is temperature independent, the data are best described in this temperature range by D N 2 67 expÿ2:38=kT cm 2 =s;
see Fig. 1 . For low temperatures (300 -700 C), values of D 0 117 cm 2 =s and E a 2:42 eV better fit the temperature dependence of the theoretical diffusion constant. This Arrhenius fitting approach will be applied throughout. The most significant way in which this study differs from previous work is in setting aside the use of symmetric arrangements, instead allowing nonobvious detours to lower energy. Given that previous authors' calculations have used the same inherent assumptions in their models, the fact that this new path has a lower value for the energy barrier must make it the preferred route. Nitrogen is known to introduce deep levels into the electronic band gap; this is the reason that it does not work as a dopant in silicon [31] .
Of the corrections applied to these DFT calculations [28] , the finite size and gap energy level corrections changed the total energies calculated by less than 0.002 eV. The scissors operator changed the total energies by an average of 0:25 eV, with a net 0:06 eV change in the migration barrier. While the corrections amounted to 3% in activation energy, and a nonvisible change in Fig. 1 , their application is important since they are known to have significant effects in some systems, such as SiO 2 .
A study was also conducted of nitrogen interstitial diffusion in silicon. It was determined that bond-centered and split-interstitial configurations for N i differ by at least 0.11 eV in their formation energies (depending on defect charge), with the bond-center configuration being more stable. The study by Schultz and Nelson found an energy barrier of 0.4 eV for the diffusion of the split-interstitial nitrogen [23] . Our study of bond-centered nitrogen found a 0.44 eV migration barrier through a simple path, but a calculation of the temperature-dependent prefactor gave that the diffusion constant is best fit by an Arrhenius expression of D N 1:7e ÿ0:56=kT cm 2 =s (6) in the temperature range from 800 -1600 K. At low temperatures, an exponent of 0.50 eV better describes the diffusion constant. With these values, the N i will diffuse at least 5 orders of magnitude faster than N 2 pairs. Given the strong binding energy of nitrogen pairs and the fast diffusion of N i , we expect that all of the nitrogen concentration will be paired, complexed, or substituted within a very short time. Subsequent diffusion will be limited by the N 2 mechanism. As for the suggestion of Falster and Voronkov that nitrogen pairs diffuse by dissociation and 
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week ending 8 JULY 2005 interstitial diffusion [22] , even their low estimate of the binding energy (less than the commonly quoted range) when added to our migration barrier for N i diffusion and combined with the N i diffusion prefactor, results in slower diffusion, with D 1:7 expÿ2:80=kT cm 2 =s, than the experimental data and the new N 2 diffusion path. For this reason, we believe that N 2 diffusion should proceed as a complex, and the dissociation mechanism should play only a minor role. Furthermore, the proposed mechanism of N-V exchange was calculated to have an energy barrier 0:8 eV greater than for N 2 diffusion. As a footnote, we do not find a straight migration path for N-V exchange as previous work did. Rather, the N atom takes a bowed path with the saddle point nitrogen displaced from the bond center by >0:8 A in a (110) direction. This curved path lowers the energy barrier by 1:3 eV compared to previous work [32] .
In summary, we have evaluated each of the major proposed routes for nitrogen diffusion in silicon with parameter-free first principles simulations. Our results suggest that, after incorporation into the lattice, a small fraction of nitrogen atoms will remain immobile on substitutional lattice sites due to the displacement energy, while the ground-state interstitial nitrogen will almost instantaneously form complexes due to its low migration barrier (0.44 eV) and very high diffusivity (approximately 1:7 expÿ0:56=kT cm 2 =s between 800 and 1600 K), primarily forming N 2 . The diffusion path that we have identified has a 2.36 eV migration barrier and an effective diffusivity of 67 expÿ2:38=kT cm 2 =s between 800 and 1400 C, which is lower than any previously reported path for the nitrogen dimer and which has been shown to be more energetically favorable than diffusion by dissociation or N-V site exchange. Furthermore, the excellent match between ab initio calculations of the diffusion constant and experimental data over a wide temperature range suggests very strongly that the dominant diffusion mechanism is a simultaneous movement of the two nitrogen atoms.
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